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Abstract
Photocrosslinkable gelatin hydrogels are excellent bioinks or biomaterial ink components to serve
biofabrication applications. Especially the widely investigated gelatin-methacroyl (gel-MA)
hydrogels hold an impressive track record. However, over the past decade, increasing attention is
being paid to thiol-ene photo-click chemistry to obtain hydrogel networks benefitting from a faster
reactivity (i.e. seconds vs minutes) along with superior biocompatibility and processability. In
order to exploit this photo-click chemistry, often an ene-functionality (e.g. norbornene) is
introduced onto gelatin followed by crosslinking in the presence of a multifunctional thiol (e.g.
dithiothreitol). To date, very limited research has been performed on the influence of the applied
thiolated crosslinker on the final hydrogel properties. Therefore, the present work assesses the
influence of different thiolated crosslinkers on the crosslinking kinetics, mechanical properties and
biological performance of the hydrogels upon encapsulation of primary adipose tissue-derived
stem cells which indicated a cell viability exceeding 70%. Furthermore, the different formulations
were processed using two-photon polymerization which indicated, in addition to differences in
processing window and swelling ratio, a previously unreported phenomenon. At high intensities
(i.e.⩾150 mW), the laser results in cleavage of the gelatin backbone even in the absence of distinct
photo-cleavable functionalities. This can have potential to introduce channels or softer regions in
gels to result in zones characterized by different degradation speeds or the formation of blood
vessels. Consequently, the present study can be used to provide guidance towards tailoring the
thiol-ene system towards the desired applications.
1. Introduction
Over the past two decades, gelatin and more spe-
cifically photo-crosslinkable derivatives have become
very popular materials in the field of biofabrication
and tissue engineering (TE). This is mainly due to
its structural similarity to the natural extra-cellular
matrix of tissues. This is because gelatin is derived
from collagen, thereby resulting in a biodegrad-
able hydrogel containing cell interactive tripeptide
arginine-glycine-aspartic acid (RGD) motifs [1–5].
Furthermore, it exhibits an attractive cost combined
with a large track record in the field of pharmacy
andmedicine [1, 6–9]. Additionally, there are numer-
ous available protocols for straightforward processing
[1]. Especially, the traditional gelatin-methacryloyl
(gel-MOD (i.e. modified gelatin) also known as
gel-MA (i.e. gelatin-methacryloyl)) derivatives have
been used numerously due to the well-described
chemical modification and ease-of-use [1, 10–13].
© 2020 The Author(s). Published by IOP Publishing Ltd
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These derivatives can be crosslinked using a free rad-
ical chain-growth polymerization of the introduced
methacryloyl functionalities in between the gelatin
chains [12]. Although widely reported, these methac-
ryloyl derivatives exhibit some drawbacks including
the formation of non-biodegradable kinetic chains,
the susceptibility to oxygen inhibition during poly-
merization and associated slower crosslinking reac-
tion, and poor control over this crosslinking reaction
[14]. Therefore, researchers have been looking into
alternative crosslinking approaches to stabilise gelatin
hydrogels at physiological conditions while ensur-
ing straightforward processability. One of the most
popular alternatives to date is thiol-ene chemistry,
where an ‘ene’ functionality is reacted with a thiolated
crosslinker. This process can be induced either by
light or mild pH changes (i.e. thiol-Michael addition
which takes place at slightly alkaline conditions being
within physiological range [15]) and occurs under
mild reaction conditions making it a suitable can-
didate for cell-encapsulation [1]. Furthermore, since
two complementary functional groups are reacted
with each other, the crosslinking occurs according to
a step-growth based polymerization approach, lead-
ing to a network without the formation of kinetic
chains [14, 16, 17]. When using the light induced
approach, this generally occurs significantly faster
(i.e. within seconds [1, 16]) in comparison to the
conventional chain-growth approaches (i.e. several
minutes [1, 16]). To apply thiol-ene chemistry to
crosslink gelatin, the predominant approach is to
introduce ‘ene’ functionalities to gelatin which can be
crosslinked using a thiolated crosslinker [13, 14, 16,
18, 19]. One of the most popular ‘ene’-functionalities
is norbornene as it is not prone to competitive homo-
polymerization or pH induced thiol-Michael addi-
tion. Therefore, norbornene based thiol-ene systems
result in a high degree of control on the number
of reacted functionalities by varying the thiol-ene
ratio [1, 16, 18, 20]. Furthermore, thiol-norbornene
photo-crosslinking reactions are extremely fast due to
ring-strain relief upon thyil addition and a very fast
subsequent thiol hydrogen abstraction rate [14, 18,
21]. As a result, they can be processed at low intensit-
ies combined with fast processing thereby becoming
highly attractive towards light-based additive manu-
facturing (AM) and especially (high resolution) light-
or laser-based techniques including stereolithography
(SLA), digital light projection (DLP) and two-photon
polymerization (2PP) where the processing through-
put is highly dependent on the maximally attainable
scanning speed of the laser or minimal irradiation
time, which is often limited by slow polymerization
kinetics [1, 14, 16, 17, 19, 22]. Consequently, faster
polymerizations can result in higher scanning/writing
speeds (i.e. already up to 1000 mm s−1 for gelatin-
norbornene (gel-NB)/dithiothreitol (DTT) systems)
[16]. An additional benefit of this fast, more con-
trolled reaction is the fact that the materials can be
processed with excellent shape fidelity and high cell
viability [17, 19, 22].
However, besides the fact that a lot of research
has been performed on thiol-ene photo-click gelatin
hydrogels, limited attention has been paid to an addi-
tional benefit of thiol-ene crosslinking chemistry. The
crosslinking occurs via the reaction of complement-
ary functionalities. Therefore the network properties
andmaterial processability can be influenced via vari-
ation of the thiol/ene ratio or the use of different thi-
olated crosslinkers [1]. In this respect, the most pop-
ular crosslinker to date is DTT, however other cross-
linkers have also been reported including polyethyl-
ene glycol (PEG)- and gelatin based crosslinkers [14,
16, 18, 19, 23, 24]. Although different crosslinkers
have already been reported, limited research has been
performed on a direct comparison between the dif-
ferent thiolated crosslinkers on the processability and
properties of the formulation.
Therefore, in the present work, gel-NB was
developed with a high degree of substitution (DS)
(i.e. 90%) to investigate the influence of six differ-
ent thiolated crosslinkers on the hydrogel properties
in terms of physico-chemical characteristics, biolo-
gical performance upon encapsulating adipose tissue-
derived stem cells (ASCs) and on the laser-based
(2PP) processing potential. The applied crosslinkers
are DTT as it is one of the most reported crosslinkers.
Four thiolated PEGS (i.e. tetraethylene glycol dithiol,
PEG dithiol with a molar mass of 3400 and PEG tet-
rathiol with a molar mass of 10 000 or 20 000) and
a thiolated gelatin. The different PEGs were selected
to assess the influence of molar mass and number of
crosslinks on the performance. The thiolated gelatin
(i.e. gel-SH with a DS of 72% (i.e. 0.28 mmol thiols/g
gelatin)) was selected due to its structural similarities
with gel-NB. In this respect, it is anticipated that no
issues related to phase separation of both components
will occur in contrast to what was previously repor-
ted when using different polymer backbones [1, 4].
All performed assays were benchmarked against gel-
MOD with a comparable DS (i.e. 95%) as this is a
commonly applied material in the field of biofabrica-
tion and TE [1, 12].
2. Materials andmethods
2.1. Materials
Gelatin type B (from bovine hides) was kindly
supplied by Rousselot (Ghent, Belgium); 3-
(trimethoxysilyl)propyl methacrylate (98%);
5-norbornene-2-carboxylic acid (predomin-
antly endo) (98%); D,L-DTT (⩾99%); DL-N-
Acetylhomocysteine thiolactone (98%) and deu-
terium oxide (D2O); dimethylsulfoxide (DMSO)
(⩾99%); ethylenediaminetetraacetic acid (EDTA)
tetrasodium tetrahydrate salt; KH2PO4 (⩾99%); LiBr
(⩾99%); methacrylic anhydride (94%); Na2HPO4
(⩾99%); Na2CO3 (⩾99.5%); NaHCO3 (⩾99.7%);
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NaOH; poly(ethylene glycol) dithiol (3400 g mol−1)
(PEG2SH 3400) and tetra(ethylene glycol) dith-
iol (TEG2SH) (97%), DL-DTT (⩾98%) were
purchased at Sigma-Aldrich (Diegem, Belgium).
N-(3-dimethylaminopropyl)- N′-ethylcarbodiimide
hydrochloride (EDC) (>98%) was obtained at TCI
(Zwijndrecht, Belgium). N-hydroxysuccinimide
(98%) (NHS) was purchased at Acros (Geel, Bel-
gium). Irgacure 2959® (1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one) was
purchased at BASF (Antwerp, Belgium). Fluores-
cein isothiocyanate (FITC)-dextran (2000 g mol−1)
was obtained from TdB Consultancy AB
(Uppsala, Sweden). (2,4,6-trimethylbenzoyl)-phenyl-
phosphinic acid ethyl ester (i.e. Speedcure TPO-L)
was obtained from Lambson (West Yorkshire,
UK).The 4-arm-PEG-SH-20k (PEG4SH 20k) and
4-arm-PEG-SH-10k (PEG4SH 10k) were obtained
from Laysan Bio Inc. (Alabama, USA). The dia-
lysis membranes Spectra/Por® (Cutoff 12.000–
14.000 g mol−1) were obtained from Polylab (Ant-
werp, Belgium). All chemicals were used as received
unless stated otherwise.
2.2. Methods
2.2.1. Modification of the primary amines in gelatin
In the present work, gelatin wasmodified as indicated
in figure 1, according to previously reported proced-
ures [11, 16, 23].
2.2.1.1. Development of gel-MOD
Briefly, 100 g gelatin type B (38.5 mmol reactive
amines) was dissolved in 1 l of phosphate buffer
(pH 7.8) at 40 ◦C under continuous mechanical stir-
ring. Next, 2.5 equivalents (equiv.) (i.e. 14.34 ml,
96.25 mmol) methacrylic anhydride were added and
the mixture was allowed to react for 1 h to obtain
gel-MOD with a high DS. After 1 h, the reaction
mixture was diluted with 1 l double distilled water
(DDW) (ρ = 18.2 MΩ cm) followed by dialysis
against distilled water (molar mass cut-off 12 000–
14 000 g mol-1) during 24 h at 40 ◦C, with the water
being changed five times. The pH of the solution
was adjusted to ~7.4 using a 5 M NaOH solution.
Finally, the gel-MODwas isolated by freezing and lyo-
philization (Christ freeze-dryer alpha I-5). The DS
was determined using 1H-NMR (Bruker Avance WH
500 MHz) using D2O as solvent at elevated temper-
ature (40 ◦C) as reported earlier resulting in a DS of
95% [25].
2.2.1.2. Development of gel-norbornene (gel-NB)
Gel-NBwas synthesized following a previously repor-
ted protocol [16] (figure 1(a)). Briefly, the carboxylic
acid functionalities in 5-norbornene-2-carboxylic
acid were converted into an activated succinimidyl
ester via reaction with EDC and NHS for 25 h, using
a 1.25 molar excess of 5-norbornene-2-carboxylic
acid (relative to the amount of EDC added). To this
end, EDC and NHS were dissolved in a respective
1:1.5 ratio in dry DMSO under Argon atmosphere.
Afterwards, the temperature was raised to 50 ◦C
and gelatin type B was added to the reaction mix-
ture resulting in 2 equiv. of norbornene succinim-
idyl ester relative to the primary amines present in
gelatin (0.385 mmol g−1) and allowed to react for
another 20 h. Next, the mixture was precipitated in
a ten-fold excess of acetone, filtered on filter paper
(VWR, pore size 12–15 µm) using a Büchner filter
to remove the formed urea side products and DMSO,
followed by dissolving in DDW and dialysis for 24 h
against distilled water (molar mass cut-off 12 000 –
14 000 g mol-1). After dialysis, the reaction mixture
appeared turbid as a result of the modification of the
primary amines resulting in a pH close to the isoelec-
tric point of the gelatin (i.e. 5). Therefore, the pH of
the mixture was adjusted to ~7.4 using 5 M NaOH
resulting in a clearing of the solution. Finally, the
pure product was isolated by freezing and subsequent
lyophilization. The DS was assessed using 1H-NMR
spectroscopy using D2O as a solvent at 40 ◦C (Bruker
WH 500MHz) by comparing the norbornene double
bond proton signals at 6.33 and 6.00 ppm, corres-
ponding to the incorporated endo derivative, and at
6.28 and 6.28 ppm, corresponding to the incorpor-
ated exo equivalent [26], to the methyl signals of
the side chains in valine leucine and isoleucine at
1.01 ppm as previously reported resulting in a DS of
89% [16].
2.2.1.3. Thiolation of gelatin (gel-SH)
Thiolation of the primary amines in gelatin type
B was performed according to a previously repor-
ted protocol [27] (figure 1(b)). In brief, 20 g of
gelatin type B (7.7 mmol reactive amines) was dis-
solved in 200 ml carbonate buffer (pH 10) at 40 ◦C.
when completely dissolved, the solution was degassed
and placed under inert atmosphere. Next, 0.045 g
(1.5 mM) of EDTA tetrasodium tetrahydrate salt
was added in order to complex any metals which
can catalyze the disulfide-forming oxidation reac-
tion. Next, 5 equiv. (relative to the primary amines
of gelatin) of N-acetyl homocysteine thiolactone
(38.5 mmol, 6.193 mg) were added to the reaction
mixture. After addition, the reaction was allowed
to proceed for 3 h under inert (Ar) atmosphere
at 40 ◦C to prevent oxidation-induced crosslinking.
The thiolated gelatin (gel-SH) was purified using
dialysis (Spectra/Por molar mass cut-off 12 000–
14 000 g mol−1) for 24 h under inert atmosphere
and the water was changed five times. After dialysis,
the gel-SH was immediately frozen in liquid nitro-
gen and isolated via freeze drying (Christ freeze-dryer
alpha I-5).
The DS was determined using an ortho-phthalic
dialdehyde amine determination assay as reported
earlier yielding a DS of 72% [23].
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Figure 1. Different gelatin modification strategies including: (a) the formation of gel-NB using 5-norbornene-2-carboxylic acid;
(b) the formation of gel-SH using n-acetyl homocysteine thiolactone; (c) and the formation of gel-MOD using methacrylic
anhydride.
2.2.2. Photoinitiator synthesis (lithium
(2,4,6-trimethylbenzoyl)phenylphosphinate (LAP))
The photoinitiator Li-TPO or LAP was synthesized
according to a previously reported protocol [28]. The
details can be found in the supporting information.
2.2.3. Physico-chemical hydrogel characterization
Different gel-NB/thiol formulations were assessed
and benchmarked to gel-MOD (see table 1).
2.2.3.1. Swelling ratio and gel fraction
To determine the swelling ratio and gel fraction of
hydrogel films, they were first processed into thin
films using a film casting approach followed by gel-
fraction and swelling ratio determination similar to
a previously reported protocol [16]. The detailed
experimental details can be found in the supporting
information.
2.2.3.2. Rheological analysis
All rheology experiments, both in-situ photo-
rheology and thin film rheology were performed
as previously reported [16, 29]. The detailed experi-
mental details can be found in the supporting inform-
ation.
2.2.4. In vitro biological experiments
2.2.4.1. Cell culture
For the cell experiments, an hTERT immortalized
human adipose-derived stem cell (hASC)/TERT1
(Evercyte GmbH, Austria) was used which was trans-
fected with green fluorescent protein (GFP) to obtain
permanently transfected green labelled cells accord-
ing to a previously reported protocol [30]. Cells were
cultured at 5% CO2 at 37 ◦C in Endothelial Cell
Growth Medium-2 (EGM-2, Lonza) supplemented
with 10% foetal bovine serum (Gibco). Cells were
detached with 0.5% Trypsin-EDTA upon 90% con-
fluency.
2.2.4.2. Cell-line encapsulation experiments
For cell encapsulation experiments, GFP labelled
ASCs in passage 17 or primary hASC’s at passage 5
were encapsulated in 7.5 w/v% of the different thiol-
ene formulations, in the presence of 2 mol% LAP
(relative to the number of crosslinkable functionalit-
ies) and an equimolar thiol:ene ratio.
To this end, first 600 µl of each gelatin formula-
tion was prepared at 10 w/v% in phosphate-buffered
saline (PBS) in the presence of the photoinitiator (PI)
and thiolated crosslinker. After complete dissolution,
the samples were diluted with 200 µl of a stock solu-
tion containing 2 million cells ml−1 as counted using
a Neubauer chamber resulting in a final cell density
of 500 000 cells ml−1. From the obtained solution,
three pellets of 30 µl were pipetted in a methacrylated
glass bottom dish (IBIDI) as previously described
[16] followed by 10min ofUV-A irradiation (365 nm,
25 mW cm−2 corresponding to 15 J cm−2). After
crosslinking, the samples were incubated in appropri-
ate culture medium and maintained at 37 ◦C in an
incubator (high humidity, 5%CO2). At different time
points, the metabolic activity of the cells was meas-
ured using a Presto Blue assay and the cellular mor-
phology was monitored using confocal laser scanning
microscopy (LSM) (Zeiss, Oberkochen, Germany).
The medium was replaced every other day.
2.2.4.2.1. Methacrylation of IBIDI dishes
In order to covalently attach the hydrogels to the glass
of the IBIDI dishes, they were silanized with trimeth-
oxysilylpropyl methacrylate. To this end, they were
first cleaned using a plasma treatment, followed by
4
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incubation in a solution containing trimethoxysilyl-
propyl methacrylate. This solution was composed of
48 ml ethanol in 50 ml of distilled water contain-
ing 0.3 ml acetic acid and 2 ml trimethoxysilylpropyl
methacrylate which was stirred for 30min. The IBIDI
dishes were filled with 2 ml solution for 1 h, followed
by rinsing with double distilled water and drying at
45 ◦C.
2.2.4.3. Presto blue metabolic activity assay
The metabolic activity was measured according to
a previously described protocol [16]. The details of
the experiments can be found in the supplementary
information.
2.2.4.4. Dark toxicity screening
To assess the cytotoxicity of the components of the
different gel-NB formulations a dark toxicity assay
was performed similar to a previously described pro-
tocol [28]. The detailed experimental conditions can
be found in the supporting information.
2.2.4.5. Live/dead staining
A live/dead assay using calcein-acetoxymethyl
(Ca-AM) and propidium iodide (PI) was performed
to assess the cell viability of encapsulated primary
hASCs. To this end, a stock solution was made con-
sisting of 2 µl Ca-AM (Sigma Aldrich) and 2 µl PI
(Sigma Aldrich) for every 1 ml of PBS. In each well,
150 µl of the stock solution was added and incubated
for 30 min at room temperature covered with alu-
minium foil. Following incubation, the solution was
removed and the cells were visualized with a fluor-
escent microscope (Olympus IX81) equipped with a
GFP and Texas Red filter. The cell images were pro-
cessed through ImageJ software.
2.2.5. Processing
2.2.5.1. 2PP additive manufacturing
2PP experiments were performed on a previously
reported in-house developed set-up as previously
reported [16]. The experimental details can be found
in the supporting information.
2.2.5.2. Multiphoton photocleaving
To assess potential cleaving of the hydrogels under
the influence of two-photon absorption, an assay was
performed towards the influence of laser dose on
potential cleavage. To this end, a gel-NB hydrogel was
crosslinked inside a methacrylated IBIDI dish in the
same spacer as applied in the 2PP experiments using
2 mol% LAP in the presence of DTT in a thiol:ene
ratio of 0.5 by using UVA (365 nm, 25 mW cm−2)
irradiation for 30 min (i.e. 15 J cm−2). Next, the
sample was equilibrium swollen in PBS and cut in half
using a scalpel to have a clear edge [31] . Next, ‘chan-
nels’ (350 × 30 × 100 µm) were irradiated inside
the material spanning over this ‘edge’ using the same
setup as for the 2PP structuring by scanning both in
X and Y direction with a hatch distance of 0.5 µm
and Z distance of 1 µm. An array was structured with
speeds varying scanning from 25–150 mm s−1 at a
25 mm s−1 increment and laser powers varying from
50 to 200 mW with a 50 mW increment. Next, the
sample was incubated at 37 ◦C for 24 h to remove
cleaved material. Finally, the samples were incubated
in a solution containing FITC-dextran with a molar
mass of 2000 kgmol−1 to visualise the channels. Next,
the samples were imaged using both optical and LS
microscopy.
2.2.6. Statistics
For all samples, Gaussian distribution was assumed.
Statistical significance was analyzed using GraphPad
InStat using a one-way analysis of variance with Bon-
ferroni post-hoc test. The level of statistical signi-
ficance was defined as ∗∗∗p < 0.001, ∗∗p < 0.01,
∗p < 0.05.
3. Results and discussion
3.1. Gelatin modification
In order to obtain the photo-crosslinkable gelatin
derivatives, different modification strategies were
applied. Throughout the present work, gel-MOD (DS
95% (i.e. 0.36 mmol g−1 of gelatin) was used as
a benchmark as it is a commonly used material in
the field of biofabrication and TE [1, 12, 32]. The
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material was obtained via reaction of the primary
amines of the (hydroxy)lysine and ornithine amino
acids in gelatin B with methacrylic anhydride (fig-
ure 1(c)) [11]. Gelatin type B was selected as pre-
vious work indicated that the latter exhibits super-
ior immunocompatibility [33]. For the thiol-ene click
hydrogels, the aim of the present research is to assess
the influence of the applied thiolated crosslinker on
the properties of gelatin thiol-ene networks. There-
fore, norbornene functionalities were introduced to
gelatin via reaction of the primary amines to the
carboxylic acid of 5-norbornene-2-carboxylic acid
using carbodiimide coupling chemistry resulting in
gel-NB (DS 89% or 0.34 mmol g−1 of gelatin) [16]
(figure 1(a)). It should be noted that during this
synthesis the presence of unreacted EDC molecules
should be eliminated. On the one hand, these unre-
acted EDC molecules can result in the formation of
zero-length crosslinks between the primary amines
present in the (hydroxy)lysine and ornithine and the
carboxylic acids of the glutamic and aspartic acid
present in gelatin [1, 29]. On the other hand, all EDC
has to be reacted prior to the addition to gelatin,
as the combination of a carbodiimide and an acid
catalyst (5-norbornene-2-carboxylic acid) in DMSO
could result in oxidation of the alcohols present in
gelatin to their respective aldehyde or ketone follow-
ing a Pfitzner-Mofatt-oxidation [34]. These aldehydes
can also result in crosslinking via reaction with the
primary amines of gelatin resulting in Schiff ’s base
formation [1]. Norbornene was selected as the ‘ene’
functionality due to its high reactivity and the fact
that it is not susceptible to competitive thiol-Michael
addition since this reaction can already occur at mild
basic conditions (i.e. physiological conditions) and
could result in undesirable crosslinking of the entire
sample during the 2PP processing [15, 35].
Gel-SH was obtained via the reaction of the
primary amines present in gelatin with N-acetyl-
homocysteine thiolactone using a previously reported
protocol (figure 1(b)) [27].
3.2. Influence of thiolated crosslinker on
physico-chemical properties of gelatin hydrogels
The assessed thiolated crosslinkers are depicted in fig-
ure 2(a) and table 1 and include gel-SH (DS 72%),
DTT, TEG2SH, PEG dithiol with a molar mass of
3400 gmol−1 (PEG2SH 3400), PEG4SHwith amolar
mass of either 10 000 g mol−1 (PEG4SH 10 000) or
20 000 g mol−1 (PEG4SH 20 000). DTT was selec-
ted as it is a crosslinker which is often exploited in
the framework of thiol/ene systems [16, 18, 36–38].
Besides DTT, also different thiolated PEG derivat-
ives were selected, differing in molar mass (i.e. 220–
20 000 g mol−1) and/or number of thiols per cross-
linker (i.e. 2 or 4) as some PEG-based thiolated cross-
linkers have already been reported in literature [1, 18,
39, 40]. However, there has been very little research
on the comparison of different (PEG-based) cross-
linkers. The use of different PEG-based crosslinkers
allows to screen towards specific effects of molar
mass and number of thiols on the physico-chemical
properties of the crosslinked hydrogel without chan-
ging the chemical functionalities. Finally, a thiolated
gelatin was also selected as this will result in a network
without the incorporation of any synthetic, non-
degradable macromolecular species while also exhib-
iting a relatively high number of thiols per crosslinker
molecule (i.e. ± 14 thiols per gelatin chain). There-
fore, it could potentially result in a stiffer hydrogel
network. Despite these potential beneficial aspects,
there are very few reports in literature using thiolated
gelatin as crosslinker for ‘ene’-functionalized gelatins
[23, 41, 42].
Additionally, it should be noted that other
strategies to influence the network properties can
consist of varying the total gelatin concentration in
the formulation [1, 16, 29]. However, it is known
that changing the gelatin concentration can have a
significant influence on cellular behaviour [1, 40,
43]. Taking this into account, all hydrogel formula-
tions were prepared using a 10 w/v% total gelatin
concentration in a thiol-ene ratio of 1 (unless stated
otherwise).
Another strategy to influence the hydrogel prop-
erties in thiol-ene hydrogels is altering the thiol-ene
ratio. In this respect, the hydrogel properties can be
tuned while keeping the gelatin concentration con-
stant [16, 40]. Although outside the main scope of
the current work, this effect was also investigated
for the gel-NB PEG4SH 10 000 formulation. To this
end, besides altering the thiol-ene ratio, also exper-
iments were performed for which the total poly-
mer concentration (i.e. gel-NB + PEG4SH 10 000)
was kept at 10 w/v % to have a more compar-
able total polymer fraction (see supporting inform-
ation 3.2 and figure S1) (is available online at
stacks.iop.org/BF/13/015017/mmedia).
3.3. Influence of the applied photoinitiator and
crosslinker on the crosslinking kinetics
A first characteristic to compare different photo-
crosslinkable systems includes the crosslinking kin-
etics. To this end, photo-rheology was performed
using either 2 mol% (relative to the number of ‘ene’
functionalities) LAP (figure 2(b)) or Irgacure 2959
(figure 2(c)) as PI. When monitoring the storage
modulus (G′) over time, the difference in reactiv-
ity between the thiol-ene step-growth systems and
the conventional chain-growth gel-MOD system is
apparent. The latter being characterized by a lag
phase upon UV irradiation. This lag phase is a con-
sequence of oxygen inhibition during the reaction.
Before the polymerization is initiated, the oxygen has
to be consumed first by the radicals, which is not
the case for the step-growth thiol-ene systems, result-
ing in the observed faster crosslinking reaction [44].
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Figure 2. (a) Overview of the different applied thiolated-crosslinkers; In-situ photo-rheology of the different thiol-ene
formulations with a 1:1 thiol-ene ratio using gel-MOD DS 95% as reference in the presence of (b) LAP or (c) Irgacure 2959 as PI
(d) and (e) zoomed in regions of the crossover point in the presence of LAP or Irgacure 2959.





20k (s) Gel-SH (s) TEG2SH (s) PEG2SH (s)
PEG4SH
10k (s)
LAP 19.9± 1.47 0.36± 0.01 0.16± 0.22 0.19± 0.05 0.14± 0.03 0.04± 0.01 0.03± 0.01
Irgacure 49.5± 3.54 9.18± 1.87 7.35± 1.69 4.57± 3.62 0.62± 0.09 0.55± 0.17 0.1± 0.05
Furthermore, crosslinking typically occurs faster in
the presence of LAP (figure 2(b)) in comparison to
the more conventional Irgacure 2959 (figure 2(c)).
This is reflected more quantitatively by assessing the
gel points or crossover points between the storage
(G′) and loss (G′′) moduli that indicate the trans-
ition frompredominantly viscous to elastic behaviour
for the different formulations [45] (figures 2(d), (e)
and table 2). The difference in reactivity between both
PIs is especially apparent for the gel-MOD derivat-
ive as this is characterized by slower reaction kin-
etics in comparison to the thiol-ene systems [16].
This is a consequence of the higher efficiency of
LAP in the UV-A region as it is characterized by
a molar absorptivity at 365 nm of 218 M−1 cm−1
[39] vs 4 M−1 cm−1 [32] for Irgacure 2959. This
means that for LAP, more radicals will be formed
upon UV irradiation. Since high radical concentra-
tions can compensate for the oxygen inhibition effect
due to the rapid oxygen consumption, this results
in shorter lag times and concomitantly, faster gel
points are observed [1, 46]. However, the difference in
reactivity between both PIs is not significant for gel-
SH, TEG2SH, PEG2SH and PEG4SH 10 000 due to
the spring loaded behaviour of the thiol-norbornene
reaction, and the absence of oxygen inhibition. When
comparing the kinetics of the different formulations,
the differences in gel point between the different
thiol-ene systems are minor (table 2).
Additionally, no significant difference in storage
modulus (G′) in the relaxed state with respect to gel-
MOD is observed after 10 min crosslinking for most
thiol-ene formulations (i.e. 6–10 kPa when using LAP
and 5–11 kPa when using Irgacure 2959 as PI) with
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the exception of PEG2SH 3400 (i.e. 17 500± 1100 Pa
for Irgacure 2959 and 23 950 ± 1200 Pa for LAP)
and PEG4SH 10 000 (i.e. 44 600 ± 2000 Pa for Irga-
cure 2959 and 34 550± 1400 Pa for LAP) which out-
perform the conventional gel-MOD derivative, while
PEG4SH 10 000 is even outperforming all evaluated
crosslinkers in terms of mechanical properties. Fur-
thermore, the thiol-ene systems already obtain their
final mechanical properties after ±60 s crosslinking,
whereas gel-MOD requires 10 min to reach similar
storage moduli.
3.4. Influence of the applied crosslinker on the
mechanical properties of the hydrogel at
equilibrium swelling
During in situ photo-rheology, the mechanical prop-
erties of a hydrogel in relaxed state are obtained,
which is less relevant when considering the final
application in hydrated state. Therefore, a second
assay was performed during which the rheological
properties of equilibrium-swollen, crosslinked hydro-
gel films at physiological conditions were assessed
along with their swelling ratio (figure 3). In a first
experiment, the films were crosslinked using either
Irgacure 2959 or LAP from solution immediately after
film casting. Under these circumstances, generally
higher storage moduli are obtained when using LAP
as PI. This effect is related to the higher efficiency of
the PI around 365 nm on the one hand while on the
other hand, the acylphosphinate functionality in LAP
will cleave upon activation which results in the loss
of the light-absorbing chromophore [45]. As a con-
sequence, a larger penetration depth of UV-light dur-
ing crosslinking is ensured, which is not the case for
Irgacure 2959 [45]. This is further substantiated by
the swelling ratio of the gels as in general, lower swell-
ing ratios are obtained for the hydrogels which were
crosslinked in the presence of LAP (figure 3(b)).
It is generally known that chain-growth hydro-
gels (i.e. gel-MOD) typically exhibit a higher stiff-
ness due to the presence of kinetic chains result-
ing in the linking of different functionalities in the
same junction knot [14]. The presence of these non-
degradable kinetic chains was further exemplified via
Gel permeation Chromatography (GPC) analysis on
crosslinked samples whichwere hydrolysed usingHCl
(see supporting in formation 3.4, figure S2 and table
S1) [14]. It was shown that these non-degradable kin-
etic chains exhibited a Mn of around 5 kg mol−1 (see
table S1). For thiol-ene systems this is not the case,
as the number of functionalities linked in one junc-
tion knot depends on the number and relative dis-
tance between the thiols on the crosslinker molecule
due to the reaction of complementary functionalities
[1, 16].
Furthermore, in case of chain-growth hydro-
gels, several methacrylate functionalities on the same
gelatin chain can react with each other, resulting
in primary cycles and associated network imperfec-
tions [47]. This effect is less pronounced for the
thiol-ene systems due to the orthogonal crosslinking
occurring between complementary functionalities of
gelatin and the applied thiolated crosslinker. How-
ever, it should be noted that while no non-degradable
kinetic chains are formed in thiol-ene hydrogels,
the use of non-degradable PEG-based crosslinkers
will also result in non-degradable polymer residues
(see supporting information 3.4; figure S2 and table
S1). Here, it was shown that especially for the
PEG4SH 10 000 crosslinker, larger polydispersities
were obtained. This indicates that despite the ortho-
gonal reaction, also a suboptimal network is obtained
for the PEG4SH as a consequence of competitive
disulphide formation. This effect is most pronounced
for gel4SH 10 000 as the higher total polymer concen-
tration requires longer dissolution times at increased
temperature which will accelerate this unfavourable
side reaction [48]. Although this is a disadvantage
from a network perspective, it is anticipated that
the obtained non-degradable PEG-residues will not
pose any problems upon degradation in vivo as they
exhibit lowmolar masses (i.e. <30 kDa) which can be
secreted through the kidneys [49]. Finally, it should
be noted that the gel-NB/gel-SH formulation and the
gel-NB/DTT formulations are the only formulations
which can be fully degraded into small molecules (see
figure S2).
The present research indicates that the applied
thiolated crosslinker has a substantial influence on
the final mechanical properties as previously repor-
ted by Munoz et al [18]. In the present work, the
highest storagemodulus was observedwhen PEG4SH
10 000 was applied as crosslinker which is a con-
sequence of the following aspects (figure 3(a)). First,
the crosslinker contains four thiol functionalities, res-
ulting in the coupling of four norbornene functional-
ities in one junction knot. The other applied cross-
linkers, with the exception of gel-SH and PEG4SH
20 000, only exhibit two functionalities, thereby res-
ulting in a less densely crosslinked network, as also
reflected by the higher swelling ratio (figure 3(b)).
However, both PEG2SH 3400 and PEG4SH 10 000
exhibit superior mechanical properties compared to
the hydrogels crosslinked using gel-SH which con-
tains approximately 14 thiol groups/crosslinker. This
is a consequence of the fact that all systemswere cross-
linked in a 1:1 thiol/ene ratio while keeping the total
gelatin concentration at 10 w/v%. Since changing the
gelatin content would also result in a variation of the
amount of RGD functionalities which can influence
the biological response, irrespective of the applied
crosslinker [40]. This means that for gel-NB/gel-SH,
the total polymer concentration was 10 w/v% while
all other formulations contain 10 w/v% gel-NB, for
gel-NB/PEG2SH 3400, the addition of an equimolar
amount of thiols resulted in a total polymer concen-
tration of±16w/v% (i.e. 10w/v%gel-NB and 6w/v%
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Figure 3. (a) Influence of PI on storage modulus and (b) associated swelling ratio and (c) water uptake capacity relative to the
relaxed state. The full bars represent hydrogels crosslinked using Irgacure 2959 and the dashed bars were crosslinked using LAP.
Influence of physical gelation prior to crosslinking using Irgacure 2959 on (d) storage modulus and (e) swelling ratio and (f)
water uptake capacity relative to the relaxed state with the full bars crosslinked from solution and the dotted bars after a 1 h
incubation period at 4 ◦C to induce physical crosslinking prior to UV irradiation. All statistical differences are significant with
p < 0.001 unless stated differently with ∗∗p < 0.001, ∗p < 0.05 and ns indicating no statistical significance.
PEG2SH 3400) and for gel-NB/PEG4SH 10 000, this
was ±18.5 w/v% (i.e. 10 w/v% gel-NB and 10 w/v%
PEG4SH) resulting in the observed superior mechan-
ical properties. In this respect, it should be noted that
the lower swelling ratio for these samples contain-
ing macromolecular crosslinkers is a consequence of
a higher polymer concentration, and therefore higher
dry mass after freeze drying of the sample, which
could lead to wrong conclusions. Therefore, a bet-
ter measure to compare samples with a different total
polymer concentration, especially when looking at
shape fidelity in 3D printing is the water uptake capa-
city (figure 3(c)). This value is calculated as the addi-
tional water uptake immediately after crosslinking
(i.e. relative to the polymer + water content in the
relaxed state). A first important observation here is
the fact that no significant differences in water uptake
capacity are observed when using LAP vs Irgacure
2959 (figure 3(c)), which is intuitive as the initiation
efficiency should not influence the network prop-
erties, especially when exploiting orthogonal cross-
linking chemistry. When looking at the water uptake
capacity, the results are more intuitive in compar-
ison to the swelling ratio with the gel-NB/gel-SH for-
mulation exhibiting the lowest water uptake capa-
city as this is the crosslinker with the highest amount
of thiols (i.e. ± 14) per molecule. The second most
dense network is obtained when using the 4-arm
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PEG4SH 10 000, whereas, the next one is the gel-
NB/DTT formulation, which contains the shortest
bifunctional thiolated crosslinker. It is clear that the
hydrophilic PEG-based crosslinkers result in higher
water uptake capacities. Despite the use of these low
molar mass crosslinkers, the mechanical properties
are poorer in comparison to the higher molar mass
PEG2SH 3400 (i.e. 3.3–6.8 kPa vs 11–12 kPa). This
can possibly be attributed to competitive disulph-
ide formation for TEG2SH, since the GPC results
of the non-degradable residues indicates a consider-
ably highermolarmass for TEGSH as anticipated (i.e.
2005 g mol−1 vs 226 g mol−1). Furthermore, also
the higher total polymer concentration in the PEG-
containing hydrogels will play a role. However, when
preparing gel-NB/PEG4SH at a total polymer con-
centration of 10 w/v% (i.e. ± 6 w/v% gel-NB and
±4 w/v % PEG4SH 10 000), a hydrogel is obtained
with a comparable storage modulus to gel-MOD
(i.e. 13.2 kPA vs 14.8 kPa). This storage modu-
lus is also comparable to the storage modulus of
gel-NB/gel-SH (i.e. 11.5 kPa) (figures 3(a) and S1(b)).
Finally, it should be noted that based upon this reas-
oning, superior mechanical properties are anticip-
ated for PEG4SH 20 000, which in practice results
in the weakest gels. This might be due to the lar-
ger distance between the thiols on the one hand
and phase separation phenomena occurring between
gelatin and PEG, resulting in a heterogeneous mix-
ture and concomitant poor network formation. This
hypothesis was substantiated by a lower gel fraction
(i.e. all hydrogels exhibited similar gel fractions of >
85% with the exception of PEG4SH 20 000 around
70% (data not shown)) and during 2PP experiments
(section 3.6).
Despite the fact that a multifunctional, branched,
thiolated crosslinker results in similar or higher stor-
agemoduli compared to gel-MOD, the latter are char-
acterized by the lowest swelling ratio (figures 3(a) and
(b)). This is in line with previous reports from liter-
ature [14, 23]. In this respect, the gel-MOD hydro-
gels are characterized by the presence of hydrophobic
kinetic oligo-methacrylamide chains, as also shown
by GPC analysis, which also result in a lower water
uptake capacity [18] (see figure S2 and table S1).
The swelling ratio can be an important aspect of
a hydrogel in the framework of AM. This is especially
relevant when using high resolution technologies, as
post-production swelling of the material can result in
deviations from the applied computer-aided design
(CAD) [29, 50].
Based on the rheological and water uptake capa-
city results, it can be concluded that in general,
the mechanical properties improve and the swelling
ratio decreases when increasing the number of thiols
present on the thiolated crosslinker. Furthermore, the
mechanical properties of the hydrogels improve upon
increasing the molar mass of the applied crosslinker.
However, this is partially due to the relative increase
in polymer concentration (i.e. gelatin+ crosslinker),
thereby resulting in a denser hydrogel.
3.5. Influence of physical interactions on
mechanical properties and swelling ratio of the
obtained hydrogels
A second important aspect when applying gelatin
for biofabrication application is its physical gelation.
Certain AM techniques either require or benefit from
this physical gelation behaviour to enable the gen-
eration of 3D structures prior to covalent crosslink-
ing [1]. For example, deposition-based techniques
often apply this physical gelation behaviour to lock
the deposited structure prior to chemical crosslink-
ing [51–53]. Additionally, in case of 2PP-processing,
the presence of a physical gel can be beneficial as it
providesmechanical support to the formed structure,
which enables the construction of more complicated
architectures [1, 23, 51]. Furthermore, it is known
that the formation of a physical gel can have an influ-
ence on the network properties [1]. When a mater-
ial is crosslinked in a physical gel state, this can result
in a stiffer network with a lower swelling ratio, as the
physical gelation occurs due to the formation of triple
helices via interchain hydrogen bonding between the
proline and hydroxyproline present in the gelatin
backbone [6, 8]. As a result, semi-crystalline junc-
tion zones are formed, which can result in a proximity
effect of the crosslinkable functionalities thereby res-
ulting in a higher crosslink efficiency. On the other
hand, these semi-crystalline junction zones can par-
tially be ‘Frozen/locked’ via the introduction of chem-
ical bonds [29, 54]. As a consequence of both aspects,
in general, a denser hydrogel network is formed with
superior mechanical properties. This aspect is bene-
ficial when using a solution containing only gelatin.
However, when other polymers are introduced into
the formulation, these supramolecular interactions
can result in phase separation between the compon-
ents thereby resulting in inhomogeneous networks
[4, 55]. Thiol/ene systems typically require a thiolated
(polymeric) crosslinker, which could induce phase
separation during physical gelation. Therefore, the
effect of physical gelation prior to crosslinking was
assessed for the different formulations. To this end,
hydrogel films were prepared using 2 mol% Irgacure
2959 as PI either via direct UV-induced crosslink-
ing after film casting (figures 3(c) and (d) full bars)
or following a 1 h physical gelation period at 4 ◦C,
prior to UV irradiation (figures 3(c) and (d) dotted
bars). In general, a similar trend is witnessed for all
formulations as an increase in stiffness in combin-
ation with a decrease in water uptake capacity can
be observed for the hydrogels which were physic-
ally gelled prior to UV crosslinking (figures 3(d) and
(f)). The effect is most pronounced for the chain-
growth gel-MOD, which outperforms all other for-
mulations both in terms of stiffness and water uptake
capacity with a 5.5-fold increase in stiffness while
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being almost completely precluded from swelling
(i.e. 0.2%) compared to the gels obtained after cross-
linking from solution (i.e. 10.2%). This was anticip-
ated as no phase separation can occur in this system
while the proximity effect of themethacrylamides due
to triple helix formation also decreases the probabil-
ity towards the formation of primary cycles resulting
in network imperfections. Due to the structural sim-
ilarity between gel-NB and gel-SH, it is no surprise
this formulation results in the second stiffest hydrogel
with a 4.3-fold increase in storage modulus and a 1.8-
fold decrease in water uptake capacity. Furthermore,
also for the low molar mass crosslinkers (i.e. DTT
and TEG2SH) this effect is significant, as their small
molecular size (i.e. 154 gmol−1 and 226 gmol−1) and
low concentrationwill not interfere substantially with
the triple helix formation. As anticipated, the low-
est benefit exists for the high molar mass crosslinkers
(i.e. PEG-based) whereas the 4-arm PEG crosslinkers
even result in a slight decrease in mechanical proper-
ties when first inducing physical gelation due to phase
separation occurring between the high molar mass
components.
Consequently, the use of gel-SH as crosslinker res-
ults in the most homogeneous network as no syn-
thetic crosslinkers are incorporated in the hydrogel,
therefore no non-biodegradable polymer chains are
present (figure S2), which forms the closest mimic of
the conventional gel-MOD hydrogel system in terms
of swelling ratio and mechanical properties, with the
benefit of the characteristic fast thiol-ene reaction
kinetics and full biodegradability.
3.6. Influence of applied crosslinker on 2PP
processing performance
To assess the processability differences of the dis-
cussed hydrogel formulations, a 2PP structuring
threshold and swelling assay was performed in line
with previously reported assays [16, 29, 56]. In this
assay, cubes of 100 µm × 100 µm × 100 µm were
structured at different laser powers with a constant
scanning speed of 100 mm s−1 on top of a methac-
rylated glass slide (figure 4(a)). As a result, an over-
view of the processing window of each formula-
tion becomes apparent, while measuring of the top
surface of the cube by measuring the highest, non-
distorted slice in the confocal Z-stack still resembling
a cube, which is not limited in swelling by adhe-
sion to the glass, provides an indication of the swell-
ing degree, and therefore the reproducibility between
CAD design and final structure (figure 4(b)). In addi-
tion, it also provides insights in the crosslink dens-
ity, as from a certain laser power onwards, no further
decrease in swelling is anticipated, thereby evidencing
a fully crosslinked network [16].
The polymerization threshold for the different
thiol-ene formulations is similar and extremely low
(i.e. 4–5 mW average laser power), which is a 20-fold
decrease in comparison to the conventional gel-MOD
hydrogels (i.e. 80–90 mW average laser power). An
exception in this respect are the PEG4SH 20 000
and gel-SH (figure 4). For the PEG4SH 20 000,
the structuring threshold was observed at 20 mW.
Although this is still significantly lower compared to
the threshold of conventional gel-MOD (i.e. 90mW),
the swelling profile as a function of increasing laser
powers appears quite random and is substantially
higher compared to the other thiol-ene formulations.
Additionally, it became apparent that phase separa-
tion between gel-NB and PEG4SH 20 000 occurred
as evidenced by the presence of spherical-shaped
particles. This is further substantiated by the high
amount of debris that can be observed on the LSM
images after structuring (figures 4(a) and S3). The
assay indicated the far superior processability of the
thiol- ene hydrogels over the conventional chain-
growth hydrogels.
Furthermore, when considering the swelling
behaviour of the top surface of the cubes in the differ-
ent formulations, a plateau in swelling occurs around
an average laser power of ± 10 mW for the thiol-ene
systems. This is an indication of the presence of a fully
crosslinked network, in contrast with the gel-MOD
hydrogel that exhibits a clear laser power dependency
within the presented range which was also previously
reported [29, 56].
When the laser power is further increased, this
plateau is maintained initially as expected, but at
higher laser powers (i.e. above 30–40 mW), the swell-
ing increases again. This behavior can be attrib-
uted to some extent to the formation of a larger
voxel with increasing laser powers [57, 58]. How-
ever, these effects are considered to be of a lower
order of magnitude as observed in the present exper-
iments and would not result in deformations of
the basic cubic structure [59]. Furthermore, when
observing the shape of the cubes (figures 4–5 and
S3), another phenomenon is clearly responsible for
this effect at high laser powers. Indeed, instead of
a gradual increase in swelling when moving away
from the glass in the Z-direction as observed at lower
laser powers and as previously reported [16, 29],
the swelling appears to reach a maximum first and
then decreases again with increasing height (figure 5)
(table 3). Therefore, besides measuring the top sur-
face, also the maximum swelling for each cube was
assessed. This reflected the increase in volume with
increasing laser powers even more (figure 4(c)). A
similar trend was also previously reported by Dobos
et al, who observed a similar effect in the mechan-
ical properties of the obtained structures [19, 24].
Since the swelling is larger halfway up the structure
and decreases again, it is anticipated that this swell-
ing effect is present due to a competitive photocleav-
age reaction. It is hypothesized that this photocleav-
age occurs in the amide bonds of the gelatin backbone
as amide bond photo-degradation has been repor-
ted, especially in aqueous environments [60–62].
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Figure 4. (a) Overview of 2PP processing range at 100 mm s−1 scanning speed in terms of laser power by structuring
100× 100× 100 µm3 cubes in the different formulations. (Scale bar represents 100 µm) (b) Volumetric swelling calculated from
the comparison of the top surface area to the applied CAD in panel A; (c) Maximum volumetric swelling calculated from the
surface area of the layer with the highest swelling degree relative to the applied CAD model in panel (a).
Additionally, literature states that the photo-lysis or
photo-oxidation induced degradation of the amide
bond in nylon occurs following a free-radical reaction
[61]. These effects typically require very long times
(i.e. weeks to months) in single photon experiments.
However, in the present set up, very high laser light
intensities are applied, resulting in the formation of a
very high number of radicals, especially at high aver-
age laser powers (figure S4). This cleaving-effect is
especially anticipated since there exists some overlap
of the different voxels in between the different layers
(figure 6).
This further confirms the observations in
sections 3.2–3.4. Due to these reproducibility
issues, no further characterization experiments
were performed using this formulation. For the
gel-NB/gel-SH hydrogels, it should be noted that
all hydrogels were crosslinked in the presence of
2 mol% P2CK as PI calculated relative to the num-
ber of norbornene/methacrylamide functionalities,
thereby corresponding to 0.68mMof PI for most for-
mulations. However, for the gel-NB/gel-SH formula-
tions, the total amount of gelatin was kept at 10 w/v%
while maintaining a 1:1 thiol:ene ratio. Therefore, the
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Figure 5. (a) Orthogonal projection of the structured cubes indicating the anticipated swelling profile as observed at low laser
powers (b)and the deviations from this behavior at high laser powers. (Scale bars represent 100 µm).
absolute PI concentration was lower as it was adjusted
with respect to the amount of norbornene function-
alities (i.e. 0.3 mM), resulting in a higher polymer-
ization threshold and a higher energy dose before
reaching a plateau value. To provide a fair compar-
ison, an additional experiment was performed where
this formulation was processed in the presence of
0.68 mM PI, thereby resulting in a comparable poly-
merization threshold to the other thiol/ene systems
(i.e. around 4 mW average laser power) (figure 4).
To quantify this overlap to some extent, the voxel
















With ωxy being the 1/e width intensity squared
profile of a Gaussian function in the XY-plane and
ωz the 1/e width of the Gaussian function along the
Z-axis; λ the applied wavelength (i.e. 800 nm); NA
the numerical aperture of the objective (i.e. 0.85)
and n the refractive index, which is estimated to be
around 1.35 based on previous measurements (data
not shown) and the high dilution of the hydrogel pre-
cursors in the solution. As a consequence, the voxel
has an XY-diameter equaling two times the (1/e2)
radius or = 2
√
2 × ωxy (i.e. 602 nm) and a Z-length
of 2
√
2×ωz (i.e. 2826 nm) [59]. To assess howmany
times every voxel is exposed to the laser, these theor-
etical values can be compared to the applied hatching
(scanned line spacing in the XY-plane) (i.e. 500 nm)
and slicing distance (layer spacing in Z direction)
(i.e. 1000 nm) and the fact that every layer is hatched
in both X- and Y-direction to ensure proper con-
tact between all lines. Consequently, every crosslinked
voxel is exposed twice during the writing of a single
layer. Furthermore, this voxel is exposed a third and
a fourth time during the writing of the subsequent
layer and partially exposed a fifth and sixth time dur-
ing writing of the third layer since the slicing distance
was set about 2.8 times lower in comparison to the
intensity maximum of the illumination point spread
function2 (IPSF2) (figure 6).
It should be noted that this overlap between the
voxels of consecutive layers is performed deliberately
to ensure proper attachment between the different
layers as the voxel shape, as defined by the IPSF2,
can be approximated by a three-dimensional Gaus-
sian volume resulting in smaller thicknesses towards
the Z-edges [59]. As a consequence, every structured
voxel is 5 × 2 = 10 times (partially) exposed (5 con-
secutive layers, 2 times per layer due toX andY hatch-
ing) to the laser in the bulk of the structure. However,
the top layers, are only (partially) exposed 6 times
(i.e. two times partially during the n−2 layer at lower
intensity and two times during the previous n−1 layer
and two times in the center of the focal spot during
the writing of the layer itself), whereas there will be
1.8 additional layers above only exposed 1.8 times to
the edge of the voxel. Therefore, the observed decrease
in swelling properties towards the top of the structure
is consistent with partial cleavage of the bulk of the
material (figure 5).
To further substantiate this hypothesis, the effect
of the laser irradiation on the hydrogel material was
assessed by exposing UV-crosslinked hydrogel pel-
lets to femtosecond laser pulses similar to a previ-
ously reported protocol [31]. To this end, first, a
hydrogel pellet was obtained via crosslinking of a gel-
NB/DTT solution on top of a methacrylated glass
slide using UV-A irradiation in the presence of LAP
as PI. Next, part of the pellet was cut with a scalpel
and removed resulting in a clear edge (figure S5).
This edge was exposed to different laser intensities
(i.e. 50–200mW average power) at different scanning
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Figure 6. Schematic representation on how a voxel, which is scanned during the structuring of layer 3 will result in partial
irradiation of the already structured layer 1 and 2 and layer 4 and 5 which still need to be polymerized.
speeds (i.e. 25–150 mm s−1) using the same hatch-
ing parameters as applied throughout the structur-
ing experiments in an attempt to generate channels
(350 µm × 30 µm × 100 µm) over the edge of
the hydrogel (figure S5). For this experiment, pel-
lets weremade starting from the DTT-containing for-
mulation as the effect was mostly pronounced for
this condition (figure 4(a)). During structuring, the
samples were monitored to assess bubble formation
as an indication of cleavage due to thermal effects.
Next, the hydrogels were incubated in PBS at 37 ◦C
to remove any degraded material, followed by incub-
ation in a solution containing a highly fluorescent
FITC-dextran with a molar mass of 2000 kg mol−1,
which cannot diffuse into the bulk of the hydrogel due
to its highmolarmass, but should be able to penetrate
into any introduced channels in case of full cleavage
(figure S5). Brightfield microscopy (figure 7) already
allowed to visualize some of the exposed regions
as a consequence of a difference in refractive index
due to partial degradation of the material. As a res-
ult a less densely crosslinked network and concom-
itant decrease in refractive index is more apparent
at higher spatiotemporal irradiation doses (i.e. low
scanning speed (<100 mm s−1) and high intensities
(>100 mW)).
Furthermore, when looking at the associated LSM
images (figure 7), the FITC-dextran could clearly
penetrate the channels at 25 and at 50 mm s−1
scanning speed at high laser intensities (i.e. 150
and 200 mW average power) and at 75 mm s−1
at 200 mW. However, it should be noted that at
25 mm s−1 and 200 mW some bubble formation
was observed during structuring which is a clear
indication of (partial) cleavage by thermal effects,
which was not the case at the higher writing speeds
and/or when applying lower laser powers. The fact
that not all channels could be penetrated by the fluor-
escent FITC-dextran, while being visible on bright
field microscopy images indicates that at lower doses,
the cleavage is not complete as only part of the bonds
will be broken resulting in increased swelling. Fur-
thermore, the observed difference in refractive index
cannot be attributed to additional polymerization,
as it is known that during the UV polymeriza-
tion of gel-NB/DTT hydrogels, full conversion is
obtained [16]. Additionally, it should also be noted
that during this control experiment, full cleavage only
occurred at lower speeds and higher intensities than
during the actual structuring experiment. However,
since at similar conditions and lower spatiotemporal
energy doses, the channels are still visible, there will
still be some competitive photo-degradation during
the structuring itself, especially at higher powers,
resulting in the observed peculiar swelling profile
(figure 4). In this respect, the analysis of the max-
imum swelling relative to the applied CAD, indicates
that this effect ismore pronounced in hydrogels cross-
linked with the bifunctional crosslinkers (i.e. DTT,
TEG2SH and PEG2SH 3400) (figures 4(c), 5, S3 and
table 3). This is intuitive, as in these hydrogels, a less
densely crosslinked network is obtained as discussed
in section 3.4. Therefore, only one amide bond in the
backbone needs to be broken in between two nor-
bornene functionalities to fully cleave this crosslink
whereas in the gels with PEG4SH 10 000, at least three
bonds need to be broken to realize the same effect.
Consequently, this effect is less pronounced in the
gels crosslinked with the PEG4SH 10 000 although
a higher volumetric swelling is obtained at 100 mW
in comparison to the low molar mass crosslinkers
(table 3). Furthermore, the effect appears most pro-
nounced when using PEG2SH 3400, because of the
highly hydrophilic nature of PEG. After cleavage
of some bonds, a less densely crosslinked network
is obtained that will result in a larger additional
water uptake in comparison to the low molar mass
crosslinkers. This phenomenon is a consequence of
the larger distance between the different thiol-ene-
crosslinks (see table 3). When comparing this to the
minimal volumetric swelling, a 2.1-fold increase in
swelling due to photocleavage effects for PEG4SH
10 000 vs a 3.8-fold increase for DTT and a 3.4-fold
increase for the TEG2SH crosslinker is observed. This
effect is lacking when using the highly functionalized
gel-SH which exhibits around 0.27 mmol of thiols/g
gelatin or ±14 thiols per gelatin chain. The effect of
cleavage is not observed in this system, because full
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Figure 7. Laser scanning microscopy (left) and Brightfield
(right) images of the 2PP-induced photocleavage of a
gel-NB+ DTT hydrogel as a function of laser scanning
speed and average laser power in the presence of
FITC-dextran 2000 kDa. The doses for which full hydrogel
cleavage occurred as evidenced by penetration of the dye
into the hydrogel are presented through a red square. The
brightfield images show the weakening of the hydrogel as a
consequence of partial cleavage resulting in a difference in
refractive index due to a looser network. (Scale bars
represent 100 µm).
cleavage of one ‘junction zone’ in the network is only
obtained by cleaving a substantially higher number of
bonds. For the conventional chain-growth hydrogels
(i.e. gel-MOD), the reasoning is similar. Upon cross-
linking, kinetic non-biodegradable chains are formed
which linkmultiple photo-crosslinkable functionalit-
ies into one junction zone.
As a result, multiple bonds need to be broken
to result in an observable cleavage of the network
[14, 16, 63]. Additionally, the photopolymerization
of methacrylamides is characterized by slower cross-
linking kinetics (figure 2), therefore, both competit-
ive effects will occur simultaneously, with the poly-
merization reaction occurringmore than the cleavage
Table 3. Comparison of volumetric swelling at 100 mW average













180± 40% 85± 10%
(@ 8 mW)
2500
DTT 145.7± 3.1% 38.3± 0.5
(@ 10 mW)
226
TEG2SH 128.2± 10.33% 38.1± 4.3
(@ 20 mW)
154
thereby resulting in a decrease in swelling with
increasing powers. For thiol-ene systems in contrast,
full crosslinking already occurs at low laser powers
(i.e.± 20–30 mW) where further increasing the laser
power will only result in more photo-cleavage as it is
no longer compensated for by concurrent polymeriz-
ation reactions.
Producing high-resolution self-supporting com-
plex 3D architectures using soft materials such as
hydrogels is a huge challenge in AM. Therefore an
experiment was performed where a complex self-
supporting structure with fine features (i.e. the Ato-
mium)was printed as a POC experiment in the differ-
ent formulations (figure 8). First, it is clear that under
these fast processing conditions (i.e. 100 mm s−1),
the reactivity of the gel-MOD is insufficient to result
in a sufficiently mechanically robust material, as the
structure collapsed after development. Second, when
observing the formulations with the different cross-
linkers, it is clear that the post processing swelling
increases with the inclusion of the more hydrophilic
PEG-based crosslinkers, which is in linewith the volu-
metric swelling assay (figure 4).
Finally, it should be noted that the lowest swelling
degree and associated best shape fidelity is obtained
when using the highly functional gel-SH, as also
indicated in the cube swelling assay (figure 4) and
UV crosslinking experiments (figure 3). rendering it
the most suitable crosslinkable system for 2PP pro-
cessing.
3.7. In vitro cell viability
3.7.1. Cell encapsulation experiments
Another important feature of a hydrogel formula-
tion for TE and biofabrication applications is its bio-
logical performance. In particular, the performance
of the material in the presence of cells is of para-
mount importance if used as a bioink (i.e. in the pres-
ence of cells during processing) or bioink compon-
ent [64]. Therefore, cell encapsulation experiments
as well as toxicity screening of the different compon-
ents of the formulations was performed. It should
be noted that due to the poor performance of the
gel-NB/PEG4SH 20 000 formulation as discussed in
sections 3.4–3.6 it was not assessed towards biological
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Figure 8. Example of the improved 2PP performance of the
different thiol-ene formulations as opposed to the
conventional gel-MOD. (all structures written at
100 mm s−1 and 100 mW laser power using 0.68 molar of
P2CK).
performance. The other formulations were subjec-
ted to a cell encapsulation assay by preparing hydro-
gel formulations consisting of the hydrogel precurs-
ors (i.e. gel-MOD or gel-NB and the corresponding
thiolated crosslinker, 2 mol% LAP corresponding to
around 0.55 mM which is below the cytotoxic limit
(i.e. 1.12 mM) [28]) at a total gelatin concentration
of 7.5 w/v% and 500 000 GFP-labelled ASCs ml−1.
The samples were crosslinked for 10 min using UV-
A irradiation and the metabolic activity and cellular
morphology of the encapsulated cells was assessed at
specific time points using a Presto blue assay and LSM
respectively.
When examining the cell morphology over time
(figure 9 and zoomed in figures S6–S11), clear
differences can be observed between the different for-
mulations. Cells start to remodel the hydrogel matrix
sooner in the formulations applying the low molar
mass crosslinkers (i.e. DTT and TEG2SH) which
is evidenced by an increase in average cell length
(figure 10(a)). The fact that this is observed first with
the low molar mass crosslinkers is anticipated. First
of all, these hydrogels are the softest, which is known
to enhance matrix remodeling [19, 65] (figure 3(a)).
Because all hydrogels were immediately crosslinked
after pipetting; the gel-NB/PEG4SH 10 000 are the
stiffest hydrogels (figure 3(d)).
Secondly, remodelling of the matrix occurs via
enzymatic cleavage of the gelatin backbone by colla-
genase between Gly and Ile in Gly-Pro-Gln-Gly-Ile-
Ala-Gly-Gln sequences [1, 39]. Because the hydrogels
obtained using TEG2SH and DTT only link 2 nor-
bornene functionalities to each other in each junc-
tion knot, cleavage of part of the backbone will have a
more drastic effect on the network density in com-
parison to for example gel-MOD or gel-NB/gel-SH
hydrogels where every junction knot consists of mul-
tiple methacrylamide or thiol/norbornene links sim-
ilar to the photo-cleavage discussed in section 3.6.
Therefore remodeling occurs later (i.e.⩾7 d; figures 7
and 8(a)) in hydrogel systems with a higher number
of thiol functionalities per crosslinker. Consequently,
remodeling should occur last in the gel-NB/gel-SH
hydrogels with around 14 thiols/crosslinker. How-
ever, after 16 d of culture, the cell length is signific-
antly higher in these hydrogels in comparison to the
PEG4SH 10 000 hydrogels with 4 thiols/crosslinker
due to the fact that the gel-SH crosslinker is also
prone to enzymatic degradation, which counterbal-
ances this effect.
The remodeling of the matrix occurs slowest in
the gel-MOD hydrogels despite the softer gel in com-
parison to the gel-NB/PEG4SH 10 000 due to the
presence of the kinetic chains which link more func-
tionalities into one junction knot as previously men-
tioned.
Another aspect to assess biocompatibility is mon-
itoring of the metabolic activity of the cells, which
is related to the cellular activity (figure 10(b)) [66].
In this respect, after one day of encapsulation, no
significant differences are observed between the dif-
ferent thiol-ene systems and the gel-MOD reference.
Although after 2 and 4 d of culture, the gel-MOD
reference exhibits a significantly higher metabolic
activity in comparison to the PEG containing for-
mulations, while there are no significant differences
between the different thiol-ene systems as such. After
8 d of culture, there are no significant differences
between the thiol-ene systems and the gel-MOD
benchmark any longer. Furthermore, after 14 d, the
TEG2SH, PEG4SH 10 000 and gel-SH-containing
systems even significantly outperform the gel-MOD.
Therefore, it can be concluded that all assessed
thiol-ene systems exhibit at least a comparable
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Figure 9. Z-stack confocal LSM images of GFP labelled ASCs encapsulated in the different hydrogel formulations after 10 min UV
crosslinking at different time points. (scale bar represents 500 µm).
biocompatibility to gel-MOD, irrespective of the
applied crosslinker. Additionally, they exhibit more
favorable crosslinking kinetics, which can signific-
antly decrease the processing times (section 3.2). In
addition, varying the crosslinker provides additional
control over the mechanical properties, while main-
taining the amount of cell-interactive functionalities
(i.e. RGD) [1, 18]. Finally, the mechanical proper-
ties can further be fine-tuned by varying the thiol/ene
ratio as also previously reported [1, 16, 18].
Another relevant aspect for bioink components, is
the toxicity before crosslinking, or the „dark toxicity‘,
as depending on the processing duration, the cells will
be in the presence of these components for a con-
siderable time. Therefore, the toxicity of the different
components was screened at concentrations to yield
hydrogels with a gelatin content of 10, 7.5 or 5 w/v%.
To this end, a confluent monolayer of GFP-labelled
ASCs was exposed to these components for 2 h, fol-
lowed by component removal and 24 h of incubation.
Next, the metabolic activity of the cells was determ-
ined (figure 10(c)). Two hours was selected as a rel-
evant time frame, as this is a reasonable estimation
of a long printing process, during which the cells
would be in contact with the un-crosslinked com-
ponents. This assay indicated some considerable cyto-
toxicity of the low molar mass thiolated crosslinkers
(i.e. DTT and TEG2SH) at all assessed concentrations
(figure 10(c)). This is probably a consequence of the
fact that these molecules are small enough to penet-
rate the cell membrane, as also previously observed
for lowmolarmass PI [55]. Once inside the cell mem-
brane, the thiols present on these crosslinkers can
interact with thiols present within the cytoplasm such
as kinases, transcription factors, and phosphatases,
thereby reducing-, or forming disulphide bonds [67–
69]. Consequently, this dark toxicity was not observed
for the high molar mass crosslinkers (i.e. PEG2SH
3400, PEG4SH10 000 and gel-SH). In terms of gelatin
materials, a comparable biocompatibility is observed
between gel-NB and gel-MOD at 7.5 w/v%, whereas
at high concentrations, gel-NB even appears to be less
cytotoxic. Therefore, gel-NB thiol-ene systems prove
to be suitable alternatives for the very popular gel-
MOD in terms of biocompatibility when selecting the
correct crosslinker.
3.7.2. Primary cell culture
Since immortalized cell lines are typically very robust,
the obtained results were verified by encapsulation
of primary ASCs. To this end, the most represent-
ative hydrogel formulations where assessed in com-
bination with primary hASCs. To this end, hASCs
were encapsulated as mentioned earlier and the cell
viability was analysed through a Ca-AM and prop-
idium iodide (PI) staining at day 1, 3 and 7 (figure 11).
The hydrogels resulted in a cell viability >70% for
all tested formulations,meaning that all compositions
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Figure 10. Average lengths of cells embedded in the different hydrogel formulations at different time points (a) Associated
metabolic activity at different time points (b). Dark cytotoxicity of the different components of the hydrogel formulations for
three different corresponding gelatin concentrations (c). All statistically significant differences are denoted with ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.005, except for panel (c) in which all differences are significant with p < 0.005 unless denoted otherwise with
ns representing no statistical difference.
can be considered biocompatible (figure 12). How-
ever, a significantly lower cell viability was observed
for the formulation containing DTT as compared to
the other formulations, for all time points. The afore-
mentioned ‘dark’ toxicity of DTT can explain the
lower cell viability observed. Wu et al have already
observed an increase in cytotoxicity corresponding
to an increase in DTT concentration [70]. Neverthe-
less, no significant differences were observed based
on the metabolic activity of the GFP-labelled ASCs
encapsulated in the DTT composition compared to
the other thiolated crosslinkers (figure 10). There
are several reasons which could explain the differ-
ence between the cell viability and metabolic activity.
First, for the metabolic activity, immortalized GFP-
labelled ASCs were used, which might be more resist-
ant to the cytotoxic effects of DTT. However, a more
likely explanation for the discrepancy is the fact that
cells which undergo stress will exhibit an increase in
metabolic activity [71]. This is supported by the less
densely populated construct observed for the GFP-
labelled cells when DTT is used (figures 9 and S6).
4. Conclusions
Thiol-norbornene gelatin hydrogels prove to be very
relevant alternatives for the widely used gel-MOD as
bioink or biomaterial ink (component) for biofab-
rication purposes. The use of thiol-ene photo-click
chemistry allows to further tune the hydrogel prop-
erties in terms of reactivity, processability, mechan-
ical properties and biological response by varying
the thiolated crosslinker. Crosslinkers with a higher
number of thiols (i.e. gel-SH or PEG4SH 10 000)
result in stiffer gels, thereby better mimicking the
mechanical properties of the widely used gel-MOD
in combination with more favorable crosslinking
kinetics. The selection of the most appropriate cross-
linker also depends on the processing method of
the gelatin hydrogel. When direct crosslinking from
solution is desired, superior mechanical properties
are obtained with PEG4SH 10 000. When compar-
able mechanical properties and a low water uptake
capacity are desired, gel-SH-type crosslinkers are
preferred. If crosslinking is desired from a physical
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Figure 11. Z-stack of the live/dead staining using Ca-AM and PI on encapsulated primary ASCs in the different hydrogel
formulations at day 1, 3 and 7. The scale bar represents 500 µm.
Figure 12. The cell viability of encapsulated ASCs based on Ca-AM and PI staining. All statistically significant differences are
depicted with ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005.
gel, the low molar mass or gel-SH crosslinkers are
preferred because phase separation can occur with
the high molar mass PEG crosslinkers resulting in
a heterogeneous network. In this respect, super-
ior mechanical properties are obtained for the con-
ventional gel-MOD, followed closely by the gel-
NB/gel-SH system that also benefits from the phys-
ical gelation prior to crosslinking. Additionally, the
gel-NB/gel-SH system provides the best mimic for
gel-MOD in terms of physicochemical properties
with the added benefit that it is fully biodegrad-
able without the presence of residual non-degradable
polymer chains.
In terms of biological performance, no signific-
ant differences in metabolic activity were observed
between the different gel-NB formulations and the
gel-MOD benchmark, indicating a comparable,
favorable cytocompatibility. However, the type of
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crosslinker does influence the cellular inducedmatrix
remodeling of encapsulated cells. The lowmolarmass
crosslinkers (i.e. TEG2SH and DTT) induce faster
matrix remodeling in comparison to formulations
with high molar mass crosslinkers and gel-MOD. In
this respect, not only the mechanical properties of
the hydrogel are of importance but also the type of
crosslinks present in the hydrogel. The stiffest for-
mulation containing PEG4SH 10 000, still exhibits
matrix remodeling prior to gel-MOD because of the
different network architecture (i.e. no kinetic chains).
Furthermore, the ‘dark toxicity’ of the components
was also assessed to assess suitability for longer print-
ing times, indicating considerable toxicity for the low
molarmass crosslinkers (i.e. TEG2SHandDTT). This
effect also resulted in a decreased cell viability upon
primary cell encapsulation. It is anticipated that this
originates from cell membrane penetration and sub-
sequent interaction with native thiols as high molar
mass crosslinkers did not exhibit significant cytotox-
icity. Furthermore, gel-NB and gel-MOD exhibited a
comparable dark cytotoxicity.
The real benefit of the thiol-ene systems lies in for
the use of light-based AM, where the photo-reactivity
has a great influence on the attainable writing speeds
and associated processing times. This is especially rel-
evant for high-resolution laser scanning-based sys-
tems such as SLA or 2PP or DLP based systems. It
was shown that substantially (i.e. 20-fold) lower laser
powers could be applied to crosslink the thiol-ene
formulations, regardless of the applied crosslinker.
However, the applied crosslinker does have a large
influence on the volumetric swelling ratio and asso-
ciated differences in CAD-CAM fidelity. The high
molar mass, bifunctional PEG crosslinker (PEG2SH
3400) exhibited the highest swelling ratio over the
entire processing range due to the low amount of
thiol functionalities, the large distance between two
crosslinks and the highly hydrophilicity of the cross-
linker. The least swelling was obtained for the cross-
linker with the highest number of thiols (i.e. gel-
SH).
However, at high average laser powers, a specific
non-anticipated increase in swelling was observed
in all formulations due to photo-cleavage of amide
bonds in the gelatin backbone. This effect was most
pronounced for the low molar mass bifunctional thi-
olated crosslinkers (i.e. DTT and TEG2SH) while
being absent for the highly functional gel-SH cross-
linker as well as for gel-MOD. In the low molar mass
crosslinker systems, fewer bonds need to be cleaved to
result in real channels in the hydrogel.
In conclusion, the most promising thiol-ene
alternative for gel-MOD is the gel-NB/gel-SH for-
mulation, as it mimics the mechanical properties
of gel-MOD, is also benefitted by the physical gela-
tion behaviour prior to crosslinking, exhibits com-
parable cytotoxicity, contains only fully biodegrad-
able and biointeractive components, and exhibits the
best shape fidelity thereby being the least susceptible
to photocleavage.
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